ABSTRACT
Their secretion is significantly enhanced by the transition into the intra-host milieu and OMVs have been is intimin-dependent. We further show that OMV-delivered Tir can cross-complement an effector-34 deficient EHEC strain, demonstrating that OMV-associated effectors reach the host cell in a biologically 35 intact form. Finally, we observe that the non-LEE encoded E3 ubiquitin ligase effector NleL is also 36 trafficked to host cells via OMVs, where it ubiquitinylates its target kinase JNK. Together, these data 37 demonstrate that trafficking of OMV-associated effectors is a novel and T3SS-independent pathway for 38 the delivery of active effectors to host cells.
39

INTRODUCTION
41
Enterohemorrhagic Escherichia coli (EHEC) are a leading cause of food-borne diarrheal disease world-42 wide. In some cases, gastrointestinal symptoms can be complicated by the development of hemolytic 43 uremic syndrome (HUS), which is linked with increased morbidity and mortality (1). Secreted toxins,
44
chiefly Shiga-like toxins, lead to the development of HUS, and the accessory toxins cytolethal distending 45 toxin V (CdtV) and hemolysin (Hly) are thought to contribute to HUS pathology (2, 3). However, many 46 more virulence factors are associated with primary colonization of the gastrointestinal tract, in particular 47 the locus of enterocyte effacement (LEE), which encodes for a type III secretion system (T3SS) and 48 associated effectors (4, 5) . The T3SS is a needle-like conduit that translocates effector proteins into the 49 host cell where they manipulate host cellular signaling machinery, induce cytoskeletal rearrangements and 50 modulate immunity to facilitate infection. The T3SS needle is formed by the structural protein EspA (6), 51 and secretion activity is driven by the ATPase EscN (7). EscN directly interacts with T3SS chaperones as 52 well as secreted effectors (8). The T3SS initially translocates structural proteins, followed by the 53 translocon components EspD and EspB which perforate the host cell membrane (9, 10), and in response 54 to environmental signals, eventually switches to secrete effectors targeting host proteins (11, 12) .
55
The translocon components EspB and EspD form a complex (13) that embeds into and forms a pore in the 56 host membrane bilayer (14, 15) . EspB is both part of the translocon as well as an effector. It has been 57 shown to also be targeted to the host cell cytoplasm (10), where it interacts with catenin and myosin to 58 cause actin reorganization and contribute to microvillus effacement and inhibition of phagocytosis (16, 59 17) . Other translocated effectors include the translocated intimin receptor (Tir), which inserts into the 60 host membrane and contains both intracellular and extracellular domains. The protein is clustered in the 61 membrane via interactions with the adhesin intimin (18), and Tir clustering leads to downstream signaling 62 events that ultimately result in actin reorganization and pedestal formation (18, 19 Figure 2A ). The mean diameter of vesicles produced by the isogenic ∆escN strain 111 was slightly larger than of OMVs derived from the corresponding wild type strain ( Figure 2B ). These data
112
show that in the absence of a functional type III secretion system, EHEC hypervesiculates and produces
113
OMVs of aberrant morphology. of OMV entry into host cells, we used a CCF2-AM based reporter assay as previously described (30).
124
This assay uses a vesicle-targeted beta-lactamase reporter (ClyA-Bla) to measure the fast entry kinetics of (MOI) of 1000 OMVs per cell, using concentration data from particle tracking analysis. As previously 130 determined (30), this corresponds to an MOI of approx. 37 bacteria/cell, a physiologically relevant level.
131
OMVs were incubated with dye-loaded epithelial cells and uptake kinetics were followed for three and a 132 half hours ( Figure 3A , B). Both wild type and ∆escN derived OMVs were rapidly taken up by host cells,
133
but OMVs from ∆escN were taken up with higher efficiency ( Figure 3C ) and significantly faster ( Figure   134 3D) than vesicles derived from the wild type strain. We conclude that in the absence of a functional T3SS,
135
OMV uptake is accelerated. Since we have previously established that the chemical structure of the 
156
Outer membrane vesicles get delivered to host cells independent of type III secretion activity.
157
Although the use of purified OMVs for infection experiments allowed us to normalize the number of (Fig. 5H) . We also tried to immunostain cells using an α-EspB antibody, but the signal 195 was too weak to draw conclusions, even after prolonged incubation. Together, our data suggests that (Fig. 6A ), but present when infections were carried out in the presence of
214
OMVs derived from wild type or ∆escN strains (Fig. 6B, C) . The presence of bacteria caused the 215 redistribution of OMV-derived Tir, which formed foci under the bacterial cells (Fig. 6B, C) . No Tir or
216
Trafficking of T3SS effectors in OMVs | 12 pedestals were observed for uninfected cells (Fig. 6D) . Overall, bacterial attachment was enhanced and 217 actin pedestal formation restored in the presence of OMV-derived Tir (Fig. 6E, F) . failure to assemble a functional type III secretion system also leads to increased vesiculation (Fig. 2) . The
EHEC-derived OMVs traffic non-LEE encoded effectors into host cells. In addition to LEE-encoded
268
ATPase deficient ∆escN mutant assembles the type III secretion system basal body, but is incapable of producing a needle and secreting effectors. The T3SS structure traverses both membranes as well as the 270 peptidoglycan layer, and T3SS assembly is known to be accompanied by local remodeling of the 271 peptidoglycan layer (42, 43) . It is conceivable that the initiation of peptidoglycan remodeling by T3SS 272 associated lytic transglycosylases without concurrent full assembly of the T3SS leads to local changes in 273 envelope structure that result in increased vesiculation. The mechanistic details of this process have yet to 274 be elucidated.
275
We report here that EHEC OMVs contain T3SS associated factors (Fig. 1) , including the OMV-dependent effector secretion.
288
We further found here that the uptake of EHEC OMVs derived from a secretion deficient ∆escN 289 T3SS mutant was accelerated compared to OMVs from the wild type strain (Fig. 3) . We have previously T3SS deficient strains compared to wild type isolates (Fig. 3) which would be consistent with the accelerated uptake kinetics, it is unclear whether those changes are sufficient to explain the accelerated 294 entry kinetics we observed here. It has been described previously that LPS composition and T3SS activity 295 can impact each other (46, 47), and that O-antigen length is inversely correlated with the amount of T3SS 296 expression (48). Additionally, it is possible that the T3SS needle structure facilitates targeting to the 297 clathrin-mediated endocytic route, which mediates slower trafficking to the cytoplasm, and that the 298 absence of the needle structure from both mutants drives preferential uptake via raft-mediated endocytosis,
299
which enables faster and more efficient trafficking of OMV contained substrates to the cytoplasm, as we 300 have described previously (30).
301
We observed that OMV-associated T3SS effectors reach the host cell cytoplasm, and retain their 302 endogenous biological activity in the context of an infection ( Fig. 5 and 6 ). localizes to the host cell membrane, both when translocated through the T3SS and when delivered via 307 OMVs (Fig. 5) .However, the characteristic focal pattern we observe upon whole cell infection ( Fig. 5A 308 and E) is absent when the effector is delivered via OMVs, where we instead observe diffuse localization 309 on the host plasma membrane (Fig. 5B, D, F) . However, co-localization with bacteria and with actin 310 pedestals is restored for vesicle-trafficked Tir, once bacteria attach to the host cell (Fig. 6) Rate estimation, efficiency of uptake, and statistical analysis. To estimate the gradients of the data (i.e.
377
rates of uptake), polynomials were fitted to each data set using the cubic spline function csaps in Matlab
378
R2017b. Numerical estimates of the gradients of the resulting polynomials were determined using the 379 gradient function. To ensure that the gradient estimates were as smooth as possible whilst also retaining 380 the overall shape and trend of the data, a small smoothing parameter was used. 
